Abstract
Introduction

61
Mosquitoes are important vectors of disease, such as dengue, malaria or Zika, and are 62 considered one of the deadliest animal on earth (1); for this reason, research has largely 63 focused on mosquito-host interactions, and in particular, the mosquito's sensory 64 responses to those hosts (2-6). Nectar feeding is one such aspect of mosquito sensory 65 biology that has received comparatively less attention, despite being an excellent system 66 in which to probe the neural bases of behavior (7). For instance, nectar-and sugar-67 feeding is critically important for both male and female mosquitoes, serving to increase 68 their lifespan, survival rate, and reproduction, and for males it is required for survival 69 (7, 8) . 70
Mosquitoes are attracted to, and feed from, a variety of plant nectar sources, 71 including those from flowers (9-13). Although most examples of mosquito-plant 72 interactions have shown that mosquitoes contribute little in reproductive services to the 73 plant (14), there are examples of mosquitoes being potential pollinators (10,11,15-18).
74
However, few studies have identified the floral cues that serve to attract and mediate 75 these decisions by the mosquitoes, and how these behaviors influence pollination. 76
The association between the Platanthera obtusata orchid and Aedes mosquitoes 77 is one of the few examples that shows mosquitoes as effective pollinators (15-18), and 78 thus provides investigators a unique opportunity to identify the sensory mechanisms that 79 help mosquitoes locate sources of nectar. The genus Platanthera has many different 80 orchid species having diverse morphologies and specialized associations with certain 81 pollinators (see SI Appendix, Table S1 ), with P. obtusata being an exemplar with its 82 association with mosquitoes (15-18). Although mosquito visitation has been described in 83 this species (16), the cues that attract mosquitoes to the flowers, and the importance of 84 mosquito visitation for orchid pollination, are unknown. 85
In this article, we examine the neural and behavioral processes mediating 86 mosquito floral preference. We present findings from (i) pollination studies in P. obtusata 87
by Aedes mosquitoes, (ii) analyses of floral scent compounds that attract diverse 88 mosquito species, and (iii) antennal and antennal lobe (AL) recordings showing how 89 these floral scents and compounds are represented in the mosquito brain (Fig. S1 ).
90
Using this integrative approach, we demonstrate that Aedes discrimination of 91 Platanthera orchids is mediated by the balance of excitation and inhibition in the 92 mosquito antennal lobe. 93
94
Results
96
To understand the importance of various pollinators, including mosquitoes, on P. 97
obtusata, we first conducted pollinator observation and exclusion experiments in northern 98
Washington State where Platanthera orchids and mosquitoes are abundant. Using a 99 8 To better understand how the ratio of lilac aldehyde and nonanal altered the 260 activation of the LC2 and AM2 glomeruli, we tested mixtures of lilac aldehyde and 261 nonanal at different concentration ratios and found that lilac aldehyde suppressed the 262 response of LC2 to nonanal, suggesting lateral inhibition between these two glomeruli. 263
Higher lilac aldehyde concentrations increased LC2 suppression, but reciprocally 264 increased AM2 activation (Fig. 4E,F) . By contrast, nonanal caused suppression of AM2 265 responses to lilac aldehyde, with higher nonanal concentrations causing increased AM2 266 suppression, while increasing the activation of LC2 (Fig. 4E,F) . To determine whether this 267 suppression of glomerular activity is mediated by γ-aminobutyric acid (GABA), an 268 important inhibitory neurotransmitter in insect olfactory systems (28-30), we used antisera 269 against GABA in the Ae. aegypti brain and found widespread labelling in AL glomeruli, 270 including AM2 and LC2 (Fig. 4G) . Next, we pharmacologically manipulated the inhibition 271 by focally applying GABA-receptor antagonists (1 µM CGP54626; 10 µM picrotoxin) on to 272 the AL during our experiments. During application of the vehicle (saline) control, LC2 and 273 AM2 responses to the P. obtusata scent were similar to those described above (Fig. 274 4E,F,H; S8), whereas during antagonist application, the effect of nonanal was blocked 275 and the small amount of lilac aldehyde in the scent was sufficient to evoke a strong 276 response in AM2 (Fig. 4H) . The antagonists blocked the symmetrical inhibition by 277 nonanal and lilac aldehyde in the P. stricta scent, causing increased response in both 278 glomeruli, with the LC2 response levels similar to those evoked by P. obtusata (Fig. S8) . 279
Taken together, these results support the hypothesis that the ratios of volatile compounds 280 in the orchid scents, and the resulting balance of excitation and inhibition in the mosquito 281 AL, play an important role in mediating mosquito attraction to P. obtusata and possibly, 282
reproductive isolation between orchid species. 283
284
Discussion
286
In this study, we use a unique mutualism between P. obtusata orchids and Aedes 287 mosquitoes to show the importance of mosquito pollination for this orchid and the role of 288 scent in mediating this association. Olfactory cues play important roles in a variety of 289 biological processes for mosquitoes, including locating suitable hosts (5), oviposition sites 290 (31), and nectar sources (32). For Aedes mosquitoes to efficiently locate sources of 291 nutrients, they must distinguish between complex floral scents in a dynamic chemical 292 environment (7). In the case of sympatric Platanthera orchids -which share the same 293 scent constituents but differ in their ratios of nonanal and lilac aldehydes -, their scents 294 evoke distinct patterns of activation in AL glomeruli. How is this occurring? Our results 295 suggest that GABA-mediated lateral inhibition from the LC2 glomerulus that encodes 296 nonanal (found in higher abundance in P. obtusata) suppresses responses of glomeruli 297 encoding lilac aldehydes (abundant in the scent of the other Platanthera species) which 298 allows mosquitoes to distinguish between orchids. 299
There are only a handful of mosquito-pollinated flowers, but some of these 300 species have been shown to emit similar volatile profiles as P. obtusata (8, 9, (32) (33) (34) . Our9 results showed that certain terpene volatiles, like lilac aldehyde, were important in the 302 discrimination of the P. obtusata scent, and at low concentrations this volatile was 303 important for attracting diverse mosquito species. In other mosquitoes, oxygenated 304 terpene compounds that are derivatives of linalool, like lilac aldehyde and linalool oxide, 305 were shown to elicit attraction to nectar sources (13, 35, 36) . The qualitative similarities in 306 the scent profiles of attractive nectar sources, and the attractiveness of the P. obtusata 307 scent across mosquito species, raises the question of whether flower scents may be 308 activating conserved olfactory channels, such as homologous odorant receptors (35) . 309
This will hopefully motivate research to identify the odorant receptors that are responsive 310 to floral compounds, and their projections to the AL, such as the LC2 and AM2 glomeruli 311
(35). 312
Our results also demonstrate the importance of mixtures and the processing of 313 odorant ratios in Aedes. Interestingly, some of the volatile compounds emitted from blood 314 hosts also occur in the P. obtusata scent, including nonanal (37, 38). However, in both 315
Ae. increpitus and Ae. aegypti mosquitoes, the AL representations of host and orchid 316 scents were different, suggesting that these odors may be processed via distinct olfactory 317 channels. Despite the different glomerular ensemble responses, the complex nectar and 318 host odors may share some of the same coding processes by AL circuits, including lateral 319 inhibition of glomeruli. Similar to floral scents, human odors are complex mixtures that 320 can differ between individuals in their constituent ratios, which may explain why 321 mosquitoes often show behavioral preferences for certain individuals over others (5, 39) . 322
These dissimilarities have important epidemiological implications for disease transmission 323 (5, 40, 41), and could be related to the subtle differences in the ratios of key compounds 324 in an individual's scent (39). Future work may explore if mosquito AL circuits process 325 other complex odors, like those of human scent or other nectar sources, in a manner 326 similar to that of the orchid scents, and whether the identified odorants and corresponding 327 glomerular channels and modulatory systems can be leveraged in control interventions. 328
329
Materials and Methods
331
Procedures for floral VOCs collection and analysis, mosquito rearing, the preparation 332 used for GC-EAD experiments, behavior experiments and associated stimuli, olfactory 333 stimuli and pharmacological reagents used in calcium imaging experiments, and 334 immunohistochemistry are described in SI Appendix, Supplementary Methods. 335 336
Orchid-pollinator observations and pollination experiments 337
Flower observations. Pollinator activity was monitored in the Okanogan-Wenatchee 338 National Forest (47.847° N, 120.707° W; WA, USA) from late June to early July in 2016 339 and 2017 when the flowers of P. obtusata were in full bloom. Multiple direct and video 340 observations of varying lengths from 30 minutes to 2.5 h were made for a total of 46.7 341 hours (15 hours of direct and 31.7 hours of video recordings). The observations were 342 conducted from 10am to 8pm when mosquitoes were found to visit the flowers. 343
Observations were recorded by visually inspecting each plant, with the trained observer 344 approximately 1 m away from the plant -this distance did not influence the feeding and 345 mosquito-flower visitation since no mosquito took off from the plant in the field and 346 instead remained busy feeding from flower after flower. To further prevent the potential 347 for observer interference, video observations were made using GoPro® Hero4 Silver 348 (San Mateo, CA USA) fitted with a 128gb Lexar® High-Performance 633x microSD card. 349
Videos were set at 720p resolution, 30 frames per second, and "Narrow" field of view. 350
These settings were optimized for the memory capacity, battery life, and best resolution 351 by the camera. Both observation methods, direct and video, provided similar visitation 352 rates. The visitation time, insect identity, leg color and sex (for mosquitoes), were 353 recorded from both direct and video observations. The number of feeding (defined by the 354 probing into the flower using the proboscis) and visits (non-feeding or resting) were 355 quantified per hour per flower for each pollinator type. Over the course of the 356 experiments and observations, temperatures ranged from 9.6° to 32.3°C, with a relative 357 humidity range of 13.4% to 100% (iButtons; Maxim Integrated™, San Jose, CA, USA, 358 #DS1923). These experiments, therefore, captured both sunny and rainy weather 359 conditions that were common in this area at this time of the year.
361
Pollinator addition experiments. To evaluate the contribution of mosquitoes to the 362 pollination of P. obtusata orchids, we performed pollinator addition experiments during 363 June through July in 2016. Mosquitoes were collected from the Okanogan-Wenatchee 364 National Forest using CDC Wilton traps baited with carbon dioxide (John W. Hock 365
Company, Gainesville, FL, USA). Carbon dioxide traps provide a standardized method to 366 sample the mosquito assemblages near and among wetland habitats (42, 43). Traps 367 were placed within the sedge habitat, but more than 60 m from the nearest focal flower 368 patch to prevent any disturbance. 369 P. obtusata from the same site were enclosed in Bug Dorm cages (30cm x 30cm 370 x 30cm; BioQuip® Products, Rancho Dominguez, CA, USA, # 1452) for which the bottom 371 panel were removed to cover the orchid. Thirty mosquitoes were introduced into each 372 cage through a sleeve located on the front panel and left without human interference for a 373 duration of 48 h, after which the mosquitoes were collected from the enclosures and 374 identified. The number and species of mosquitoes with pollinium attached were recorded, 375 and plant was bagged for determination of the fruit-to-flower ratio at the end of the field 376 season. A total of nineteen enclosures were used; 11 enclosures with a single plant, and 377 8 enclosures with 2-3 plants.
379
Pollen limitation studies. To determine the importance of pollination and out-crossing on 380 P. obtusata fruit set, plants were subject to four different experimental treatments during 381 the June through July summer months. For two weeks, plants were either unbagged (n = 382 20 plants) or bagged to prevent pollinator visitation (n = 19 plants). Organza bags (Model 383 B07735-1; Housweety, Causeway Bay, Hong-Kong) were used to prevent pollinators 384 from visiting the flowers. In addition, we determined the importance of cross-and self-385 pollination for P. obtusata. For cross pollination, six pollinia were removed from two plants 386 using a toothpick and gently brushed against the stigma of a neighboring plant (n = 11 387 plants). To examine the effects of self-pollination, six pollinia were removed from three 388 flowers and gently brushed the flowers on the same plant (n = 9 plants). At the end of the 389 field season, the number of flowers and the number of fruits produced per individual 390 plants were recorded and the fruit-to-flower ratios were calculated. For comparing the fruit 391 weights and the seed set for each treatment, up to four fruits from each individual of P. 392 obtusata were collected. The weights were measured with a digital scale (Mettler Toledo, 393
Columbus, OH, USA), and the number of viable seeds per fruit were counted using an 394 epifluorescent microscope (60x magnification; Nikon Ti4000). Fruit weights and seed sets 395 were compared using a Student's t-test; fruit-flower ratios were compared using a Mann-396 Whitney Test. 397
398
Gas Chromatography coupled with Electroantennogram Detection (GC-EADs) 399
Electroantennogram signals were filtered and amplified (100×; 0.1-500 Hz) using an A-M 400 increpitus mosquito antennal lobe (AL) with nine female mosquitoes at the beginning of 417 the season when mosquitoes were relatively young (as defined by wing and scale 418 appearance). Calcium imaging experiments were conducted using application of the 419 calcium indicator Fluo4 to the mosquito brain and using a stage that allows simultaneous 420 calcium imaging and tethered flight (23). The mosquito was cooled on ice and transferred 421 to a Peltier-cooled holder that allows the mosquito head to be fixed to the stage using 422 ultraviolet glue. The custom stage permits the superfusion of saline to the head capsule 423 and space for movement by the wings and proboscis (23) (Fig. 3) . Once the mosquito 424 was fixed to the stage, a window in its head was cut to expose the brain, and the brain 425 was continuously superfused with physiological saline (22, 23). Next, the perineural 426 sheath was gently removed from the AL using fine forceps and 75 µL of the Fluo4 427 solution -made by 50 mg of Fluo4 in 30 µL Pluronic F-127 and then subsequently diluted 428 in 950 µL of mosquito physiological saline -was pipetted to the holder allowing the brain 429 to be completely immersed in the dye. Mosquitoes were kept in the dark at 15° C for 1.5 h 430 (the appropriate time for adequate penetration of the dye into the tissue), after which the 431 brain was washed 3 times with physiological saline. After the rinse, mosquitoes were kept 432 in the dark at room temperature for approximately 10-20 min. before imaging. 433
Wing stroke amplitudes was acquired and analyzed using a custom camera-434 based computer vision system at frame rates of 100 Hz (23, 44), where the mosquito was 435 Nevertheless, double-labelling for GFP (GCaMPs) and glutamine synthase (GS; glial 466 13 marker) revealed broad GFP labelling that did not always overlap with the glial stain, with 467 GS-staining often occurring on astroglial-like processes on the rind around glomeruli, and 468 strong GFP occurring within the glomeruli (Fig. S9) . Thus, in our calcium imaging 469 experiments we took care to image from the central regions of the glomeruli and avoid the 470 sheaths and external glomerular loci. Moreover, strong GFP staining occurred in soma 471 membranes located in the medial and lateral cell clusters, which contain the projection 472 neurons and GABAergic local interneurons, respectively; the vast majority of these cell 473 bodies did not stain for GS (Fig. S9) . Relatedly, GCaMP6s expression is very high in AL 474 local interneurons and projection neurons (PNs), such that during odor stimulation the 475
PNs and axonal processes can often be imaged, and 3D reconstructions can be take 476 place through simultaneous optical sections with odor stimulation. Nonetheless, we 477 assume the glomerular responses are a function of multiple cell types. In other insects, 478
GABAergic modulation has been shown to operate on olfactory receptor neurons, local 479
interneurons and PNs (28-30). 480
Similar to experiments with Ae. increpitus, the majority the mosquitoes were UV-481 glued to the stage to allow free movement of their wings and proboscis; however, for 482 experiments using GABA-receptor antagonists the proboscis was glued to the stage for 483 additional stability. Once the mosquito was fixed to the stage, a window in its head was 484 cut to expose the brain, and the brain was continuously superfused with physiological 485 
Competing Interests
499
The authors declare no competing interests. A provisional patent on the mixture that 500 mimics the orchid scent was recently filed (62/808,710 shown on the right. P. obtusata flowers emitted a low emission rate scent that is 645 dominated by aliphatic compounds (including octanal (#7), 1-octanol (#9), and nonanal 646 (#11); 54% of the total emission), whereas the moth-visited species P. dilatata, P. 647 huronensis and P. stricta emit strong scents dominated by terpenoid compounds (75%, 648 76% and 97% of the total emission for the three species, respectively), and the butterfly-649 visited P. ciliaris orchid is dominated by nonanal and limonene (24% and 12% of the total 650 emission respectively) (SI Table 3 
huronensis). 676
Antennal responses to the three tested orchid scents were significantly different from one 677 another (ANOSIM, R= 0.137, p < 0.01) (n=3-16 mosquitoes per species per floral extract). 
Supplementary Methods
2
Floral VOCs collection and analysis 3
Orchid species. To characterize the orchid scents, headspace collections were performed during 4 the summers of 2014, 2015 and 2016 in the Okanogan-Wenatchee National Forest (Washington, 5 USA) and Yosemite National Park (California, USA). The scents of six Platanthera orchid species 6 were studied: P. obtusata ((Banks ex Pursh) Lindley), the blunt-leaved orchid; P. stricta (Lindley), 7 the slender bog orchid; P. huronensis (Lindley), the green bog orchid; P. dilatata (Pursh), the 8 white bog orchid; P. yosemitensis (Colwell, Sheviak and Moore), the Yosemite bog orchid and P. 9 ciliaris (Lindley), the yellow fringed orchid (Table S1 ). In the field, the plants were identified using 10 a key (1). P. ciliaris was obtained from a nursery (Great Lakes Orchid LLC, Belleville, Michigan, 11 USA) and maintained in the greenhouse of the Biology Department, at the University of 12 Washington in Seattle, USA. Specimens of P. obtusata, P. stricta and P. dilatata were also 13 maintained in the greenhouse as well as sampled in the field. For all orchid species, scents were 14 collected during their peak flowering time and from those with unpollinated flowers.
16
Floral scent collection. To collect the flower scent, the inflorescence of the plant was enclosed in 17 a nylon oven bag (Reynolds Kitchens, USA) that was tight around the stem. Two tygon tubes 18 Harbor, MI, USA, for the field VOCs collection connected to a Power-Sonic PS-6200 Battery, 27 M&B's Battery Company). Immediately after headspace collection, traps were eluted with 600 μL 28 of 99% purity hexane (Sigma Aldrich, Saint-Louis, MO, USA). The samples were sealed and 29 stored in 2 mL amber borosilicate vials (VWR, Radnor, PA) with Teflon-lined caps (VWR, 30
Radnor, PA) on ice until reaching the laboratory, where they were stored at -80°C until analysis 31 by GCMS. Because some orchid species are pollinated by nocturnal moths (e.g., P. dilatata), 32 whereas others are pollinated by diurnal insects (e.g., P. obtusata), we elected to normalize 33 collections across Platanthera species for an entire 24 h period, excepting those of P. ciliaris 34 which was collected for 72 h to account for the chemical analyses and relative abundance in the 35 scent. For headspace controls, samples were taken concurrently from empty oven bags and from 36 the leaves of the plants (as vegetation-only controls). 7-39 floral headspace collections were 37 conducted for each orchid species for a total of 109 floral headspace samples. 38 39 Technologies, Santa Clara, CA, USA). The lilac aldehyde peaks in the samples, and in the 59 standard purified from lilac flower CO2 extract were matched based on their retention indices.
Gas Chromatography with Mass Spectrometric Detection of the orchid scents:
60
Chromatogram peaks were then manually integrated using the ChemStation software 61 
analyses. 67
Synthetic standards at different concentrations (0.5 ng/µl to 1 µg/µl) were then run to 68 identify the peaks further and to quantify the areas for each compound; peaks are presented in 69 terms of nanograms per hour per inflorescence (Table S3) . Results were plotted and analyzed 70 using a Non-metric multidimensional scaling (NMDS) analysis with a Wisconsin double 71 standardization and square-root transformation of the emission rates and the Bray-Curtis 72 dissimilarity index on the proportions using the vegan package in R (5). We then performed an 73 ANOSIM on the data, allowing us to statistically examine differences in chemical composition and 74 relative abundance between orchid species. 75 76
Mosquitoes rearing and colony conditions 77
Field mosquitoes. Adult mosquitoes were caught by hand, using plastic containers (BioQuip® 78 Products, Rancho Dominguez, CA, USA), on the sites where the orchids were located. We also 79 collected pupae in ponds located in the same areas. The mosquitoes were then brought back to 80 the lab, maintained in cages (BioQuip® Products, Rancho Dominguez, CA, USA) and placed in 81 environmental chambers (22±1°C during the day and 17±1°C during the night, 60±10% relative 82 humidity (RH) and with a 12-12 h light-dark cycle). There, they had access to 10% sucrose ad 83 libitum. Before the experiments, the mosquitoes were starved for two days, CO2 anesthetized 84 (Flystuff Flypad, San Diego, CA, USA) and identified using standard keys (6, 7). We used the 85 with heparinized bovine blood (Lampire Biological Laboratories, Pipersville, PA, USA) placed on 100 the top of the cage was heated at 37°C using a water-bath circulation system (HAAKE A10 and 101 SC100, Thermo Scientific, Waltham, MA, USA) and used to feed mosquitoes weekly. For the 102 experiments, groups of 120 pupae were isolated and maintained in their container for 6 days 103 after their emergence. Mosquitoes had access to 10% sucrose but were not blood-fed before the 104 experiments. The day the experiments were conducted, mosquitoes were cold-anesthetized 105 (using a climatic chamber at 10°C) and females were selected manually with forceps. 106
Ae. aegypti PUb-GCaMP6s mosquitoes (9) used in the calcium imaging experiments 107
were from the Liverpool strain, which was the source strain for the reference genome sequence. 108
Briefly, this mosquito line was generated by injecting a construct that included the GCaMP6s 109 plasmid (ID# 106868) cloned into the piggyBac plasmid pBac-3xP3-dsRed and using Ae. aegypti 110 polyubiquitin (PUb) promoter fragment. Mosquito pre-blastoderm stage embryos were injected 111 with a mixture of the GCaMP6s plasmid described above (200ng/ul) and a source of piggyBac 112 transposase (phsp-Pbac, (200ng/ul)). Injected embryos were hatched in deoxygenated water and 113 surviving adults were placed into cages and screened for expected fluorescent markers. 114
Mosquitoes were backcrossed for five generations to our wild-type stock, and subsequently 115 screened and selected for at least 20 generations to obtain a near homozygous line. The location 116 and orientation of the insertion site was confirmed by PCR (see (9) for details). 117
All behavioral and physiological experiments were conducted at times when mosquitoes 118 were the most active (10, 11). 119 120
Preparation for Gas Chromatography coupled with Electroantennogram Detection (GC-121
EADs) 122
Individual mosquitoes were isolated in falcon TM tubes (Thermo Fisher Scientific, Pittsburgh, PA, 123 USA) covered with a piece of fine mesh. They were maintained in a climatic chamber, as 124 previously described, and identified immediately before running the experiment. Carbon dioxide 125 delivered through a pad (Genesee Scientific, San Diego, CA, USA) was used to briefly 126 anesthetize mosquitoes before transferring them on ice for the dissection. The head was excised 127 and the tip (i.e., one segment) of each antenna was cut off with fine scissors under a binocular 128 microscope (Carl Zeiss, Oberkochen, Germany). The head was then mounted on an electrode 129 composed of a silver wire 0.01" (A-M Systems, Carlsbord, WA, USA) and a borosilicate pulled 130 capillary (Sutter Instrument Company, Novato, CA, USA) filled with a 1:3 mix of saline 42 and 131 electrode gel (Parker Laboratories, Fairfield, NJ, USA) in order to avoid the preparation to 132 desiccate during the experiment. The head was mounted by the neck on the reference electrode. 133
The preparation was then moved to the GC-EAD with the tips of the antennae inserted under the 134 microscope (Optiphot-2, Nikon, Tokyo, Japan) into a recording electrode, that was identical to the 135 reference electrode. The mounted antennae were oriented at 90º from the main airline which was 136 carrying filtered air (Praxair, Danbury, CT, USA) and volatiles eluting from the Gas-137
Chromatograph to the preparation via a 200º C transfer line (EC-05; Syntech GmbH, 138
Buchenbach, Germany). Five microliters of the orchid extract was injected into the Gas 139 (Table S3) . Briefly, linalool (0.5 mL) was aliquoted in dioxane (2 mL) and subsequently stirred 3, 4) ). 165
To test the effects of different ratios of lilac aldehyde in the orchid scents, mixtures were 166 created where the composition and concentration of volatiles were the same as those in the P. 167 obtusata scent, except we increased the concentration of the lilac aldehyde to similar levels as 168 those measured in the scents of P. stricta, P. dilatata, and P. huronensis (Table S3) . Finally, 169
higher tested concentrations of the P. obtusata mixture -well beyond those emitted naturally by 170 P. obtusata plants -were significantly aversive to the mosquitoes (binomial tests: p < 0.05). 171 172
and An. stephensi (MRA-128; n = 153 tested and flew; n = 73 made a choice) from our laboratory 174 colonies, and Ae. increpitus and Ae. communis caught in the field (n = 138 tested), were used for 175 these experiments. Female mosquitoes were individually selected and checked for the integrity of 176 their legs and wings to ensure that they would be able to behave properly in the olfactometer. The experiment began when one single mosquito was placed in the starting chamber. 207
The mosquito then flew along the entry tube and, at the central chamber, could choose to enter 208 one of the olfactometer arms, one emitting the odor and the other the "clean air" (solvent only) 209 control (11). We considered the first choice made by mosquitoes when they crossed the entry of 210 an arm. Mosquitoes that did not choose or did not leave the starting chamber were considered as 211 not responsive and discarded from the preference analyses. In addition, to ensure that 212 contamination did not occur in the olfactometer and to test mosquitos' responses to innately 213 attractive, mosquitoes were placed in the olfactometer and exposed to either two clean air 214 currents (neutral control). Overall, approximately 60% of the females were motivated to leave the 215 starting chamber of the olfactometer and choose between the two choice arms. 216
Binary data collected in the olfactometer were analyzed and all statistical tests were 217 computed using R software (R Development Core Team (13)). Comparisons were performed by 218 means of the Exact Binomial test (α=0.05). For each treatment, the choice of the mosquitoes in 219 the olfactometer was either compared to a random distribution of 50% on each arm of the maze 220 or to the distribution of the corresponding control when appropriate. For binary data, the standard 221 errors (SE) were calculated as in (11) 
Two photon experiments 233
Glomerular registration from two photon experiments. We initially attempted to register glomeruli 234 using a previously published AL atlas (14), but the number, position and size of glomeruli from 235 our imaging experiments did not always match those of the previous study. We thus created a 236 provisional atlas with female mosquitoes (n = 6) that allowed us to cross-reference the imaged 237 glomeruli and compare their positions and structures to those described in (14). This was 238 accomplished via clear glomerular boundaries, especially during odor stimulation, and the distinct 239 odorant tuning of glomeruli throughout the depths of the AL (e.g., AM2 responsive to DEET; LC2 240 and AL3 responsive to nonanal; PD3 responsive to geosmin; and MD2 responsive to CO2) that 241 allowed 3D registration across preparations and subsequent warping and referencing with the 242 atlas. Based on these results we tentatively assigned glomerular names. Nonetheless, future 243 work will be needed to enable the olfactory receptor inputs to their cognate glomeruli. 244
Fortunately, thanks to the recent development of new genetic tools (9, 15, 16), these types of 245 experiments will soon be possible. (Fig. 4C,D) , the odor constituents were kept the same except for the lilac aldehyde, 285 which was scaled to the headspace concentrations of P. strica, P. huronensis, or P. dilatata. This 286 provided a mechanism to determine how the change of one odorant concentration in the mixture 287 impacted the activation or suppression of glomeruli in the ensemble. Importantly, all odorant 288 constituents and floral mixtures were at the same headspace concentration levels as the natural 289 floral scents or scent constituents, as verified by headspace collections and quantification using 290 the GC-MS. 291
Human scent samples were collected by gently rubbing Whatman filter paper on the 292 ankles and wrists of one human volunteer per experiment. Prior to human scent collection, 293 volunteers placed their ankles and wrists over running water for ten minutes. The human scent 294 protocols were reviewed and approved by the University of Washington Institutional Review 295
Board, and all volunteers gave their informed consent to participate in the research. Control 296 solvents for the olfactory stimuli were mineral oil (for the majority of odorants and mixtures) and 297
ethanol (for DEET). 298 299
Immunohistochemistry 300
To register putative glomeruli in our calcium imaging experiments, we created an AL atlas using 301 
